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ABSTRACT
An Enzyme-Linked Immunosorbent Assay
(ELISA) for Pantothenate
by
Allen H. Smith, Master of Science
Utah State University, 1981
Major Professor: Dr. R. Gaurth Hansen
Department: Chemistry and Biochemistry
An enzyme-linked immunosorbent assay (ELISA) for pantothenate

has been developed.

Antibodies induced in rabbits against bovine

serum albumin-pantothenate conjugate were specifically purified by
affinity chromatography.

This process served to reduce the amount

of endogenous pantothenate attached to the antibody, as well as to
purify the antibody.

The purified antibodies were covalently linked

to alkaline phosphatase (Sigma type VII) with glutaraldehyde (0.05%
aqueous solution).

An immobilized pantothenate substrate was first

obtained by attaching human serum albumin-pantothenate conjugate to
the surface of polystyrene culture tubes by passive adsorption.

The

binding of the enzyme labelled antibody .CE: AB} to this substrate is proportionately inhibited by free pantothenate as standards or as samples
for analysis.

The inhibition of E-AB immobilization was quantitated

at 405 nm by the hydrolysis of p-nitrophenyl phosphate as indicated
by the formation of p-nitrophenol.

A standard curve was plotted on

log logit paper, and was linear in the range of 2 through 1000 ng
pantothenate.

Initial experiments show that the ELISA will be use-

ful in assessing pantothenate in deproteinized blood samples and in
food extracts.

(85 pages)

INrRODUCfiON
Pantothenate is a vitamin found in nearly every biological
system.

It is an important component of Coenzyme A (Lipmann et al.,

1950), a cofactor involved in energy metabolism, in fatty acid
synthesis, and in acetylation reactions.

Pantothenate is found in

4'-phosphopantetheine, the cofactor of the fatty acid synthetase
system which serves to transfer acyl groups during fatty acid biosynthesis
in Escherichicr coli ·-(ivfajerus ,et al., 1965).

This same cofactor is

found in the fatty acid synthetase complex of yeast, in the synthetase of rat adipose tissue, and in the pigeon liver fatty acid
synthetase complex (Chesterton et al., 1968).
Several methods have been used to assay pantothenate in
biological systems.

Early researchers measured pantothenate by

monitoring growth responses of Saccharomyces carlsbergensis or of
chicks to varying pantothenate levels in the growth medium or in the
diet (Pennington et al., 1940).
Various lactic acid bacteria have also been used (Snell et al.,
1937)including Lactobaccilus delbruckii

and~

casei.

The most common-

ly used organism for microbiological assay of pantothenate is
plantarum (Skeggs

& Wright,

1944).

~

An alternate radioimmunoassay

(RIA) for pantothenate has been recently developed QNyse et al., 1979),
which has correlated reasonably well (r = 0.80) with pantothenate values
found via microbiological assay using L. plantarum.
Since 1971, new types of immunoassay have been developed which
utilize an enzyme label covalently linked to either antibody or
antigen.

This enzyme label replaces the isotope labels used in

2

various fonns in RIA.

These assays, lmown by a variety of names,

including enzyme immunoassay (EIA), and enzyme-linked immunosorbent
assay (ELISA), are frequently as rapid, as specific, and as sensitive
as the corresponding radioimmunoassays.
using ELISA over RIA include:

The specific advantages in

1) avoiding the problems of handling,

storing, __ and disposing of radionuclides

and scintillation cocktail;

and 2) general economy in the amount of antiserum, buffer, and other
reagents used.

There are automated systems available for running the

ELISA, which allow quick determination of large numbers of samples.
It would be useful to have available an alternate assay for pantothenate
which would be as sensitive and specific as the RIA, but which would
be less expensive and more widely useable than the RIA.

The enzyme-

linked immunosorbant assay (ELISA) would provide this alternate assay
method.

. ·- ·"""'"-· ..

-···

In the proposed ELISA, pantothenate will be immobilized by linking
it to human serum albumin, a molecule which adsorbs well to polystyrene
(Gantarero et al., 1980).

Alkaline phosphatase will be linked to

specifically purified rabbit anti-pantothenate antibodies by using
glutaraldehyde (Clark

&

Adams, 1977).

then form a complex with the arrangement:

The immobilized molecules will
polystyrene: human serum

albumin-pantothenate: antibody - alkaline phosphatase.

The amount of

alkaline phosphatase immobilized will be determined by hydrolysis of
p-nitrophenyl phosphate to p-nitrophenol, a yellow compound that absorbs
strongly at 405 nm.

Free solution pantothenate will proportionately

inhibit the immobilization of the alkaline phosphatase-antibody
conjugate and allow generation of a standard curve.

3

The purpose of this study is to develop an ELISA for pantothenate
and to determine the optimal conditions for greatest sensitivity.
ELISA and RIA will be compared for sensitivity, linear range, and
coefficient of variation of individual points.

The

4

REVIEW OF LITEAATURE
Pantothenate Assays
Microbiological assays have provided sensitive methods for
analyzing pantothenate in biological samples.

L. casei has been

used with a lower detection limit of 0.05 "mg. units" of calcitun
pantothenate (Pennington et al., 1940), equivalent to 4 nanograms
of pantothenate.

This assay has a useful analytical range of 10

to 80 nanograms of pantothenate.

Tetrahymena pyriformis is also

sensitive at the 5 nanogram level, but requires a three day incubation
period (Baker et al., 1960).

The most generally used microbe is L.

plantartun, which requires an incubation period of 14 to 18 hours, and
which has a sensitivity of 3 nanograms using the most sensitive technique
(Schiaffino
~·

&

Loy, 1958).

Other organisms have been used, including

carlsbergensis (Atkin et al., 1944),

1933), Protetun morganii (Pelczar

&Snell,

&

~·

cerevisiae (Williams et al.,

Porter, 1941),

l·

Fermentii (Craig

1951), and Streptococcus faecallis (Kocher, 1945).

All of

these require incubation times varying from 14 to 36 hours to produce
the dose-response curves necessary for pantothenate analysis.
Animal bioassays using rats (Bacon
(Jukes, 1947, Hegsted

&

& Jenkins,

1943), or chicks

Lipmann, 1948; Coates et al., 1950), have

been developed which depend on the prophylactic and curative effects
of pantothenate on animals fed a pantothenate-deficient diet.

These

assays require weeks to perform and are sensitive only to microgram
levels of pantothenate (Bird

&

Thompson, 1967).

An RIA for pantothenate has been reported QWyse et al., 1979)
which was sensitive to the 5 nanogram level.

In this assay, a 1:100
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titer antiserum was used to measure 5 to 125 ng of pantothenate in
75 ul of tissue extract.

Results of this RIA correlated reasonably

well (r = 0.80) with results from the microbiological assay using
b._ plantarum.

ELISA:

General

The ELISA made its appearance in 1971 as a quantitative assay of
trnmunoglobulin G (Engvall

& PerLmann,

1971).

Since then the assay has

been used with a great deal of variety and innovation in both quantitative and qualitative ELISAs of biomolecules.
been reported in the following areas:

ELISA applications have

hormones, drugs, serum components,

oncofoetal proteins, auto-immune diseases, bacterial diseases, mycotic
diseases, viral diseases, and parasitic diseases [Voller et al., 1979).
The ELISA has several variations with specific names describing
each technique.

Included are the the sandwich-ELISA or double-

antibody sandwich ELISA, the indirect ELISA, and the competitive
ELISA.

In each case, several steps, separated by washes, are necessary

to attach the components to the solid substrate, generally a
polystyrene culture tube or microtiter plate.
In the competitive ELISA, antibody is attached first to the
polystyrene surface, then the antigen.

Antigen and enzyme-labelled

antigen compete for the binding sites of the immobilized antibody.
Enzyme substrate is added and color is produced.
~Te

The color change is

eTt±ona± to the amount of labelled antibody immobilized, and

.,) ,~ ly ~l.,.iv

inversely-.propel'<aena1 to the amount of antigen in the samples.
r ,

I"'

In

another variation, the antigen is immobilized (either by direct
adsorption or by conjugation to a protein that is adsorbed) and an
enzyme-antibody conjugate competes for the immobilized

~

(LV\,_+7~"'

or

6
for~ody
A."\...j~._ ...

added in the test sample.

Color development is inversely

~f>OI't-ienal
~t--4.J..

to the amount of antigen in the solution.

.

In the double antibody sandwich ELISA, the material being
detected is sandwiched between antibody adsorbed to polystyrene and a
second antibody which is enzyme-labelled.

The molecules are attached

to the polystyrene in the following order:
antigen: antibody-enzyme.

polystyrene: antibody:

The color developed is directly

to the amount of antibody-enzyme conjugate immobilized.

~~H"1":"tr:nra

The technique

may be used to detect or quantify either the first antibody (adsorbed
to the plate) or the antigen that is sandwiched between the two antibody
molecules, depending on which molecule is held constant in the assay.
It is necessary that the antigen be large enough to have two antibody
binding site:

viruses work well.

The indirect ELISA may be used to assay both antibody and antigen.
The molecules are immobilized in the following order:
antigen: antibody: antiglobulin-enzyme conjugate.

polystyrene:

For assay of

antibody, the antigen is kept at constant concentration; for assay of
antigen, the antibody concentration is held constant.

In both cases,

the color produced in the substrate reaction step is proportional to
the amount of assayed material present.

In the case of small

molecules, a hapten-protein conjugate may need to be used to obtain
an immobilized antigen.
ELISA:

Detection

A great majority of the ELISAs have been devised for detection
rather than for quantitation.

Yolken et al. (1977) developed an ELISA,

for detection of a human reovirus-like agent that proved to be as

7

sensitive as the corresponding RIA.

A sandwich-type ELISA for

hepatitis B surface antigen has detected less than 5 to 10 ng of
antigens; no significant difference between ELISA and RIA was found
(Wolter et al., 1977).

An unusual application was the use of ELISA to

quantitate antivenom potency (Theakston

&

Reid, 1979).

Good correla-

tion (r = 0.96) was found between the ability of the antivenom to
neutralize venom toxicity in mice and the concentration of venom as
measured by the ELISA.
The indirect ELISA has been a useful tool in diagnosing animal
diseases.

Assays for hog cholera (virus), trichinosis (parasite),

and brucellosis (bacteria) demonstrate the variety of biological

materials that can be detected (Saunders et al., 1977).
Not all ELISAs are as sensitive as the corresponding RIA.

Kozaki

et al. (1979) reported that the ELISA for Clostridium botulinum toxin
was less sensitive than the RIA.
The classic paper on plant virus ELISA is that published by Clark

&

Adams (1977) which outlined the first sandwich-type assay for a

host of viruses, including arabis mosaic virus, and plum pox virus.
Similar sandwich-type ELISA's have been used to detect tomato ringspot
virus in cucumbers and raspberries (Converse, 1978).
ELISA's are also used to detect the antibodies induced by viral
infections.

Cytomegalovirus, measles virus, adenovirus, Coxsaclde

virus, and Herpes virus in humans, respiratory synctial virus in
cattle and Newcastle disease virus in birds have all been detected by
using specific
virus

ELI~

to titer antibodies induced against the specific

(Bidwell et al., 1977).

8

ELISA:

Quantitation

The ELISA's developed for quantitation of antigen are of greatest
interest in this study.

The pioneering work in ELISA was done by

Engvall and Perlmann (1971, 1972) in developing an ELISA for
quantiatation of specific antibodies.

Two assays were reported, one

for quantitation of anti-human serum albumin antibody, and one for
quantitation of anti-dinitrophenol antibody.

Both assays could

measure antibody in a linear range between 0.5 and 20 ng/ml.
Most of the quantitative ELISAs have been developed for the
measurement of hormones.

Human placental lactogen (HPL) has been

measured by a sandwich-type ELISA that was in close agreement with RIA
in both precision and in amounts measured (Voller et al., 1979).

Tests

for pregnancy-associated a-2-microglobulin and S-1-glycoprotein have
been devised (Grenner, 1978).

A competitive ELISA for insulin has been

developed which was used to assay insulin in the 20 - 800 pg range
(Kitagawa

& Aikawa,

1976).

Insulin was coupled to S-D-galactosidase by

using m-maleimidobenzoyl N-hydroxysuccinimide ester (MBS).

The competi-

tive binding of this conjugate and of insulin to the anti-insulin serum
immobilized on polystyrene formed the basis of the ELISA.

The assay was

reported to be "rather more sensitive than RIA" and was simpler to use
in terms of procedure and instrumentation.
ELISA for hormones have mainly been of the competitive type, a type
which would have ready application to the measurement of vitamins because
of their similarly small molecular weight.

Successful assays ·for estrogen

in the picogram range have been devised that use the double-antibody
technique (Bosch et al., 1975).

Bosch et al. (1978) also developed

a competitive ELISA for testosterone which could be used to

9

assay this hormone in the 0.12 to 2 nanogram/ml range.
with any other assay technique was reported.

No comparison

Bosch states that the

advantages of the ELISA lie in the facts that 1) no isotopes are used;
2) no radiation counting facilities are needed; and 3) the assay can
be carried out in a working day in small laboratories.
ELISA:

Comprehensive Reviews

Extensive reviews covering the enzymes used as labels, enzymeantibody or enzyme-antigen coupling methods, and the various ELISA
assay schemes have been published (Voller et al., 1976b, 1978, 1979;
Bidwell et al., 1976, 1977; Scharpe et al., 1976; Wisdom, 1976).
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METHODS
The purpose of this study is the development of an ELISA for
pantothenate and the determination of the conditions for greatest
sensitivity.

The ELISA and RIA will be compared for sensitivity,

linear range and coefficient of variation of individual pantothenate
standards.
Buffer Composition
Phosphate-buffered saline (PBS}, 0.15 M, pH 7.4, was made with
8.0 g NaCl, 0.2 g potassium phosphate (monobasic), 1.15 g anhydrous
sodium phosphate (diabasic), 0.2 g KCl, and 0.2 g sodium azide.
volume was made up to 1 liter.

TI1e

A solution of PBS-Tween 20 was made

by adding 0.5 ml Tween 20 (Sigma Chemical Co., P.O. Box 14508, Saint
Louis, MO 63178), to 1 liter PBS.

Carbonate coating buffer, 0.05 M,

pH 9.6 (adjust with HCl), was made with 1.59 g sodium carbonate, 2.93 g
sodium bicarbonate, and 0.2 g sodium azide.
1 liter.

TI1e volume was made up to

Substrate buffer, 10% diethanolamine, pH9.8, was made with

97 ml diethanolamine (97% purity, 104.1 g), 800 ml water, 0.2 g sodium
azide, and 0.20 g magnesium chloride.

The pH was adjusted to 9.8 with

concentrated HCl, and the volume was made up to 1 liter.
A stock solution of 500

~g/ml

pantothenate was made by dissolving

0.5459 g D-Ca pantothenate (United States Biochemical Corp., Cleveland,

RI~radioimmunoassay; ELISA, enzyme-linked immunosorbent assay; PBS,
phosphate-buffered saline; PBS-Tween, PBS containing 0.5% Tween 20;
mono-PA HSA-PA, monosubstituted human serum albumin-pantothenate
conjugate; multi-PA HSA-PA, multisubstituted human serum albuminpantothenate conjugate; HOAC-DIOXANE, 0.1 N acetic acid solution containing 10% 1, 4-dioxane; E-AB, alkaline phosphatase-antibody conjugate;
PNPP, p-nitrophenyl phosphate. PAGE polyacrylamide gel electrophoresis.
1
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OH 44128) inde-ionizedWater in a 1 liter volumetric flask.

This

solution was diluted to 1000 ng/100 ul by adding 10 ml to a 500 ml
volumetric flask and making the volume to the mark.

Dilutions of the

1000 ng/100 ul pantothenate standard were made in deionized water such
that 2, 5, 10, 15, 25, 35, 60, 100, 150, 250, 350, 600 and 1000 ng of
pantothenate were contained in 100 ul aliquots.
Nitrocellulose RIA
Twenty millimeter nitrocellulose filters (Schleicher and Schuell,
Keene, NH 0343l)were used to separate antibody-bound pantothenate from
free pantothenate by utilizing the propensity of nitrocellulose to adsorb
protein (Gershman et al., 1972).

To a solution containing 40 ug of

protein was added sufficient PBS and/or pantothenate standard solution
to make the volume up to 300 ul.

Forty ug was selected as a constant

to allow direct comparison of pantothenate-binding capacity of protein
fractions at the various stages of the antibody purification scheme.
Five ul of tritiated pantothenate (New England Nuclear, 549 Albany
Street, Boston, MA 02118), containing 10,000 disintegrations per minute
(DPM, specific activity 30 mCi/mmole),was

added and the solutions were

allowed to equilibrate for ten minutes at room temperature.

The test

tubes containing the solutions were cooled on ice and vacuum filtered
through wet nitrocellulose filters on a Gelman filter funnel (Fisher
Scientific Co., 2225 t4artin Ave., Santa Clara, CA 95050).
was washed by quickiy adding 500 ul ice-cold PBS.

The filter

The filter was

transferred to a second scintillation vial and twelve ml of Filter
Count (Packard Instrument Co., Inc., 2200 Warrenville Road, Downers
Grove, IL 60615) was added.
of 500 ul ice-cold PBS.

The funnel was washed with a second rinse

The filtrate and washes were collected
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directly in a scintillation vial and thirteen ml of Aquasol (Packard
Instrument Co.) was added for liquid scintillation counting.

Counts

per minute (CPMO were converted to DPM by using the counting efficiency
vs external standards ratio technique.
error limit ( 4, 444 CPM) .

Vials were counted to a 1.5%

The DPM computation was progranuned into the

Monroe 325 calculator used as the output device for the scintillation
counter.

The ratio of the DPM in the vial containing the filter to

the sum of the DPM in the pair of vials, expressed in percent, was
taken as the percent of pantothenate bound by the antibody sample.
The ratio of percent bound in the standard to the percent bound in the
zero pantothenate blank was plotted vs log pantothenate on log-logit
paper to generate the standard curve.

This method was used to determine

binding activity of antibody fractions obtained during affinity
purification of the antibody as well as for the assay of pantothenate.
Linear Range of the Gilford STASAR
II Spectrophotometer at 405
Nanometers
The linear range of the Gilford STASAR II spectrophotometer
(Gilford Instrument Laboratories Inc., Oberlin, OH 44074) at 405 nm
was determined by making dilutions of a stock solution of p-nitrophenol.
The absorbance was plotted vs the dilution factor to determine the
absorbance value where the curve became non-linear, either from
instrument limitations or from deviations from Beer's law.
Synthesis of Affinity Chromatography
Support Material
Twenty grams of Sepharose CL-4B-200 (Sigma) were activated (Kumel
et al., 1979) with cyanogen bromide (Sigma) anCfreacted with 1.0 g
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freshly prepared glutathione by the method of Brocklehurst et al. (1973).
D-pan~othenic acid was prepared by passing an aqueous solution of
0.503 g D-Ca-pantothenate through an Amberlite IR-120 (acid form) ionexchange column.

The water was removed in a rotary evaporator and the

remaining clear viscous oil was dissolved in ethyl acetate which had
been dried over molecular sieve (1/16 in. pellets, (Linde 3A), Alfa
Products, 152 Andover Street, Danvers, MA 01923).

Bromo-acetyl-

pantothenate was synthesized by adding 185 ul bromoacetyl-bromide
(equimolar) to the ethyl acetate solution of pantothenic acid.

The

reaction was carried out at room temperature for 1 hour in a 250 m1
round bottom flask.
evolved.

A characteristic yellow color developed as HBr

The reaction was stopped after an hour by adding a few ml of

phosphate buffer, 0.01 M, pH 8.2, and the ethyl acetate was removed
under vacuum.

The pH was adjusted to 7.4 with NaOH and the solution

was added to the Sepharose-glutathione compound formed above and shaken
at room temperature overnight.

The Sepharose glutathione acetyl-

pantothenate conjugate was washed extensively with PBS on a fritted-glass
funnel and packed 4.0 em deep in a 1.5 X 23 em column.

A parallel

synthesis of labelled bromoacetyl pantothenate was run using 0.508 g
D-Ca pantothenate.

Five ul of 14-C pantothenate (New England Nuclear,

specific activity 55.2 mCi/mmole) containing 0.50 uCi was added
as a tracer. The bromoacetyl-[l- 14c]-pantothenate was reacted with 1 g
of the activated Sepharose and shaken at room temperature overnight.
After extensive washing with PBS, the conjugate was placed in a
scintillation vial and 14 m1 of Dimilume-30 (Packard Instrument Co.)
was added.

The presence of Sepharose-immobilized radioactivity confirm-

ed the synthesis of the affinity support material.
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Purification of the Antibody
Rabbit serum was diluted 1:10 in de-ionized water, and an equal
volume of neutral saturated ammonium sulfate was added dropwise with
stirring to SO% saturation.
for thirty minutes.

The solution was left at room temperature

The precipitated globulins were centrifuged

(6,000 X g, 4°C, 30 minutes), dissolved in 1- 2 ml de-ionized water,
and dialyzed three times against PBS at 4°C over a 24 hour period.

The

dialyzed ~unoglobulins were added to the affinity column at 4°C,
and were washed extensively at room temperature with PBS to remove the
non-specifically adsorbed proteins.

The antibodies were eluted with

0.1 M acetic acid+ 10% 1,4-dioxane as suggested by Hill (1972).
HOAC-DIOXANE was warmed to 37°C before elution.

The

Fractions of 100

drops (4.7 ml) were collected at a flow rate of 15 ml/hr (1 fraction
every 20 minutes).

The fractions were transferred immediately to

dialysis tubing and were dialyzed three times vs PBS at 4°C over a
24 hour period.
Stability of Antibody
The stability of the antibody in solution was determined by mixing
0.5 ml antiserum CWyse et al., 1979) with 9.5 ml HOAC-DIOXANE.

One ml

aliquots were removed at time intervals of 5 min, 15 min, 30 min, 1 hr,
2 hr, 4 hr, 8 hr, and 25 hr.
dialyzing against PBS.

The HOAC-DIOXANE solution was removed by

The fractions were diluted so that the protein

concentrations were 1/1000 the concentration of the undiluted serum, and
the activity of the antibody in 500 ul aliquots was determined via
nitrocellulose RIA.
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Elution of Antibody from the
Affinity Column
The affinity column was loaded with the immunoglobulin fraction
from 5 ml of antiserum as previously described.

The column was

then eluted in the cold room with solution which had been kept at room
temperature.

Absorbance of the effluent was monitored at 280 nm with

an ISCO UA-4 ultraviolet analyzer equipped with a flow cell (Instrumentation Specialities Co., 4700 Superior Street, Lincoln, NE 68504).

The

column was reloaded with immunoglobulins from antiserum and was
washed with PBS at 37°C to see if temperature was the primary reason
for the successful elution of antibody by warm HOAC-DIOXANE solution.
Two hundred drop (9.4 ml) fractions were collected and the absorbance at
280 nm was determined vs deionized water.

The column was then eluted

with HOAC-DIOXANE solution and 200 drop fractions were collected.
Polyacrylamide gel electrophoresis was run by the method of Davis (1964)
to monitor the purification process.

The nitrocellulose RIA was used to

measure the pantothenate-binding capacity of 40 ug of protein from the
various fractions.
Antibody Recovery in the Affinity
Purification Process
Three ml of antiserum was purified by affinity
chromatography.

Total amounts of protein in the ammonium sulfate

precipitate, in the PBS eluate and in the solution eluate were
determined by multiplying the concentration by the volume of each
fraction.

The concentrations of antibody were calculated from the

absorbance at 280 nm using an extinction coefficient (E 1%) of
14 (Kirschenbaum, 1970). The elution rate was 6 ml/hr . .The recovery
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of protein was computed as the sum of protein eluted in the two steps
divided by the total amount addea to the column, expressed in percent.
The fraction of the immunoglobulins that is anti-pantothenate was
computed as the amount of protein obtained in the HOAC-DIOXANE elution
step divided by the sum of the proteins in the two elution fractions,
expressed in percent.
Syllthesis of Multi-Pantothenate
Human Serum Albumin-Pantothenate Conjugate
In developing the ELISA it was necessary to synthesize a proteinpantothenate conjugate that could be attached to polystyrene by passive
adsorption.

A synthesis scheme had already been devised to produce

bovine serum albumin-pantothenate conjugate for inducing anti-pantothenate antibodies in rabbits (Wyse et al., 1979).

Anti-bovine serum

albumin antibodies were also produced, making it advantageous to synthesize an analogue, human serum albumin-pantothenate conjugate, in order
to avoid possible interference from anti-bovine serum albumin antibody.
Later, the anti-pantothenate antibody was specifically purified and used
in the synthesis of the enzyme-antibody conjugate.
The acid form of 1.034 g of D-Ca pantothenate was obtained by
dissolving the material in a minimum volume of water and loading it on
an Amberlite IR-120 column (acid form, 2.5 x 40 em).

The column was

washed with ZOO ml de-ionized water and the D-pantothenic acid was
collected as a clear viscous oil by flash evaporation. The rest of the
synthesis followed the method of Wyse et al. (1979).

The oil was dis-

solved in ethyl acetate and 450 u1 bromoacetyl bromide was added at room
temperature.

Evolution of HBr produced a characteristic yellow color
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and indicated the synthesis of bromoacetyl pantothenate.
was stopped by addition of a few ml of water.

The reaction

After flash evaporation

the pH of the aqueous solution was adjusted to 7 with Naaf.
Human serum albumin (0.035 g) was dissolved in 2 ml water and was
denatured by addition of 25 ml of 8M urea.

Dithiothreitol (25 mg) was

added to reduce the disulfide bonds in the human serum albumin.

After

5 minutes, the bromocetyl pantothenate solution was added and the
mixture was stirred overnight at 4°C in the dark.
Synthesis of Mono-Pantothenate
Human Serum Albumin-Pantothenate Conjugate
Mono-pantothenate substituted human serum albumin-pantothenate
conjugate (mono-PA HSA-PA) was synthesized using the same methods,
except that the HSA was neither reduced nor denatured.
naturally available free sulfhydryl group

~~loun

The single

et al., 1975) was

reacted with bromoacetyl pantothenate to produce the monosubstituted
product.

The reactants were used in the following amounts:

57.4 mg

D-Ca pantothenate, 20 ul bromoacetylbromide, and 51 mg HSA.
The molar ratio of pantothenate to HSA in the human serum albuminpantothenate conjugate was determined by alkaline hydrolysis of the
ester bond followed by analysis for pantothenate via nitrocellulose
RIA.

The pH of a 500 u1 aliquot of conjugate was adjusted to 13 by

addition of 20 ul of 7 N NaOH.
SO min at room temperature.

The hydrolysis was carried out for

The pH was adjusted back to 7.0 with 2 N

HCl, and the final volume was made up to 1 ml with PBS.

An aliquot of

SO ul and an aliquot of 100 ul were assayed for pantothenate via
nitrocellulose RIA.

The human serum albumin-pantothenate conjugate
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concentration was determined by measuring the optical density at 280
nm.

An extinction coefficient for HSA of 5.6 (E 1%) (Kirschenbaum,

1970) was used to calculate the concentration of HSA-PA.
Alakaline Phosphatase-Antibody Conjugate Synthesis and Characteristics
One mg of intestinal alkaline phosphatase, Sigma type VII (Sigma)
and 0.5 mg of specifically purified rabbit anti-pantothenate globulins
were conjugated with 0.05% glutaraldehyde (Clark

&

Adams, 1977);

excess glutaraldehyde was removed by dialyzing three times vs PBS.
This conjugate was used without further purification.
The enzymatic activity and the pantothenate-binding ability of the
alkaline phosphatase-antibody conjugate (E-AB) were tested after synthesis.
The electrophoretic patterns of alkaline phosphatase, of specifically
purified antibody, and of the E-AB conjugate were monitored via polyacrylamide gel electrophoresis (PAGE) .
tube for 2 hours.

Electrophoresis was performed at 3 rnA/

The gels were stained in Coomassie brilliant blue stain,

and were destainedwith 10% acetic acid containing 7.5% methanol.
the enzymatic activity 10 ul of

E~AB

To test

conjugate solution was added to 1 ml

of p-nitrophenyl phosphate (PNPP), 1 mg/ml in substrate buffer.

The

absorbance vs de-ionized water at 405 nm was measured with the STASAR II
spectrophotometer at time zero and at 70, 111, and 164 minutes.
bance was plotted vs time to check for linearity.

Absor-

The pantothenate-bind-

ing capacity of the E-AB conjugate was 2ssessed by testing 72 ul of
solution containing 40 ng of antibody via nitrocellulose RIA.
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Indirect ELISA for Assa~ of Pantothenate: General Proce ure
One ml llUllti-PAHSA-PAconjugate diluted in carbonate coating
buffer was added to each polystyrene culture tube (Falcon #2052,
Scientific Products, 2177 W. Custer Road, Salt Lake City, UT 84104).
The protein was attached to the polystyrene surface by passive adsorption for three hours at room temperature.

The concentration of the·.

HSA-PA and the dilution of the alkaline-phosphatase conjugate are
specified in each particular experiment.

After washing 3 times with

1 to 2 ml of PSA-Tween (added with a wash bottle), standard lmown amounts
of pantothenate in 100 ul volumes were added, followed by 900 ul of
antibody-alkaline phosphatase conjugate diluted in PBS-Tween.

The

solutions were incubated at a temperature for a time period specified
in each particular experiment.

The tubes were washed 3 times with ice-

cold PBS-Tween, and 1 ml of p-nitrophenyl phosphate, 1 mg/ml (PNPP) was
added to each culture tube at ten second intervals.

Absorbance at 405

nm was measured at ten second intervals (in the same sequence as substrate
addition) when the zero pantothenate standard absorbance reached a
value between 1.0 and 1.6.

The free pantothenate standard proportionately

inhibits the binding of enzyme-antibody complex to the immobilized HSA-PA ,
allowing the generation of a standard curve.
de~ionized

The substrate blank vs

water was subtracted from each absorbance reading, and the

average at each standard level was computed.
The ratio of the absorbance of each standard to the absorbance of
the zero pantothenate standard (A/Ao) expressed in percent was plotted
on log-legit paper vs the log of nanograms of pantothenate in the
standard.

The plot is the same as in the RIA for pantothenate QWyse
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et al., 1979), except that absorbance values replace radioactivity
values.
Time Course of Color Development
The last step of the assay is the substrate reaction step.
Immobilized alkaline phosphatase-antibody conjugate hydrolyzes
p-nitrophenylphosphate.
405 nm.

The p-nitrophenol formed absorbs strongly at

The time course of color development was monitored to see if

the alkaline phosphatase was affected by phosphate product inhibition or
to see if there were any other deviations from linearity over the course
of the reaction.

Twenty ELISA cuvettes

(Gilford) were coated with 0. 70

ml of 0.5 ug/ml multi-PA HSA-PA and twenty more cuvettes were coated
with the same volume of 5 ug/ml mono-PA HSA-PA by passive adsorption at
room temperature for 6 hours.

Four hundred ul of E-AB conjugate

diluted in PBS-Tween was added to each cuvette for overnight incubation
at 4°C.

The cuvettes were washed 3 times with ice-cold PBS-Tween.

Five hundred ul of substrate solution was added to each cuvette using
the automatic pipette attached to the PR-50 EIA Processor/Reader
(Gilford), a spectrophotometer for automated ELISA.

The use of this

instrument allowed the multiple reading of each cuvette.

The absorbance

at 405 nm was read successively with this instrument to monitor the
increase in color with time in each cuvette.

The first reading was

used as the absorbance blank at time zero, and successive readings were
made at 3.25, 6.25, 9.5, 13, 16, 19, 22, 25, 29, 32, 35 and 45 minutes.
The absorbance blank for each cuvette was subtracted from the absorbance
values and the average of the twenty cuvettes was computed at each
time interval.

The average absorbance was plotted vs time to check for
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deviations from linearity.
Determination of the Optimum Concentration of Human Serum Albumin-Pantothenate Conjugate Coating Culture Tubes
This experiment was run to determine concentrations of both monoand multi-substituted human serum albumin-pantothenate conjugates that
would produce a workable ELISA.

From preliminary work, concentrations

that were either too high or too low resulted in substrate reaction
times that were too short to allow accurate measurement of more than a
few samples, or too long to be efficient.

Two methods were used.

The

mono-substituted human serum albumin-pantothenate conjugate was tested
to find the concentration that yielded good color development (A405 =
1.3) in 30 minutes, a time selected because it allowed easy testing of
60 to 120 samples with good precision.

The multi-substituted human

serum albumin pantothenate was tested to find the concentration that gave
maximum color development after a given reaction time, constant for
all concentrations.
The optimum concentration of mono-PA HSA-PA for coating polystyrene
culture tubes was determined in this experiment.

Polystyrene culture

tubes were coated with mono-substituted human serum albumin-pantothenate
conjugate diluted in carbonate coating buffer to concentrations of 25,
20, 15, 10, 5, 2, 1, 0.5, 0.25 and 0.05 ug/ml.

Triplicate 1 ml

aliquots were added to the culture tubes and were incubated 3 hours at
room temperature.

The tubes were washed 3 times with ice-cold PBS-

Tween, and 1 ml of E-AB conjugate diluted 1:2500 in PBS-Tween was added
to each tube for a 3 hour incubation at room temperature.

The tubes were

washed 3 times with ice-cold PBS-Tween and 1 ml of PNPP was added to
each tube.

The reaction was run for 80 minutes and the absorbance
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(405 nm) vs

de~ionized

water was measured. The absorbance was plotted

vs concentration and the concentration resulting in the greatest color
development was selected as the optimum.
The optimum concentration of multi-PA HSA-PA for coating polystyrene
culture tubes was examined in this experiment.

Polystyrene culture tubes

were coated with multi-PA HSA-PA diluted in carbonate coating buffer
to concentrations of 2, 1, 0.5, 0.25 and 0.05 ug/ml.

Triplicate 1 m1

aliquots were added to the culture tubes and were incubated 3 hours at
room temperature.

The tubes were washed 3 times with ice-cold PBS-

Tween, and 1 ml of E-AB conjugate, diluted 1:2500 in PBS-Tween was
added and was incubated overnight at 4°C.

The tubes were washed 3

times with ice-cold PBS-Tween and 1 ml PNPP was added to each tube.

The

reaction was allowed to continue until the absorbance (405 nm) vs
de- ionized water reached approximately 1. 3 and the time was recorded.

The

concentration of HSA-PA which produced an absorbance of 1.3 in 30
minutes was taken as optimum.
Time Course of E-AB Competition for
Free and Immobilized Pantothenate
The time course of E-AB competition for free and immobilized
pantothenate was studied to determine 1) the time required to obtain
a stable assay system, and 2) the effect of competition time and
temperature on the sensitivity of the standard curve.

Temperature

effects were studied by running parallel determinations at room
temperature and at 4°C.

The effect of degree of pantothenate substitu-

tion of HSA-PA was studied by running both multi-substituted and monoPA HSA-PA curves.

Four sets of experiments were run:

multi-PA HSA-PA at room temperature and at 4°C.

mono-PA and

Culture tubes for
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mono-PA HSA-PA experiments were coated at 5 ug/ml; culture tubes for
multi-PA HSA-PA experiments were coated at 0.05 ug/ml.

Triplicate

pantothenate standards were added at 0, 15, 100, and 600 ng levels in
order to generate short standard curves.

Competition times for the

experiments were 15, 30, 60, 120, 240 and 480 minutes.
Data were plotted three ways for each experiment:
a)

absorbance (405 nm) vs time (check for equilibrium),

b)

percent of pantothenate blank (A/Ao) vs time (check for
stability), and

c)

legit (A/Ao) vs log pantothenate (check shift in standard
curve position with time).

Comparison of ELISA and RIA
Standard Curves
The linear range, the coefficients of variation (C.V.), and the
sensitivity of the RIA and ELISA run on the same standards were compared.
The indirect ELISA for determination of antigen was run with the following details.

Polystyrene tubes were coated at 4°C for 24 hours with

mono-PA HSA-PA diluted to 15 ng/ml in carbonate buffer.

Pantothenate

standards were added in 100 ul volumes, six per level, in the following
amounts:

0, 2, 5, 15, 25, 35, 60, 100, 350 and 600 ng for comparison

with RIA.

Standards of 1000, 5000, 10,000, 25,000 and 50,000 ng were

also run to check the range of the ELISA.

Nine hundred ul of E-AB

diluted 1:3150 in PBS-Tween was added to each tube (final dilution was
1:3500), and the competition was carried out for 5 hours at 4°C.
were collected as described in the general procedure.

Data

The RIA was

run as described in the general method using pantothenate standards
between 0 and 600 ng.

Radioactivity was counted to 1% accuracy

24
(10,000 CPM).

Data were plotted in the standard curve format,

as logit B/Bo (RIA) or logit A/Ao (ELISA) vs log ng pantothenate.
Absorbance vs ng pantothenate was also plotted.

Coefficients of

variation were computed for each standard level for each of the
two assays and were compared.
Measurement of Food Extracts for
Pantothenate via ELISA
Two standard curves were run, one with the competition at 4°C, and
the other with the competition at room temperature.

Polystyrene test

tubes for both curves were coated with mono-PA HSA-PA, 15 mg/ml in
carbonate buffer for 4.5 hours at room temperature.

Pantothenate

standards were added in 100 ul volumes, five replications per level,
in the following amounts:
350 and 600 ng.

0, 2, 5, 10, 15, 25, 35, 60, 100, 150, 250,

An additional 400 ul of PBS was added to each tube for

a total volume of 500 ul.

Triplicate 500 ul aliquots of pantothenate

extracts of zucchini squash and of almond Hershey bar were made by the
method of Walsh et al. (1980).

Five hundred ul of 1:1500 E-AB in PBS-

Tween was added (final dilution was 1:3000).

The competition was run
0

for 12 hours, one curve at room temperature, and the other curve at 4 C.
Data were processed as described.
Measurement of Blood Extracts for
Pantothenate via ELISA
Seventy-two culture tubes were coated overnight at room temperature
with multi-PA HSA-PA diluted to 0.5 mg/ml in carbonate coating buffer.
Triplicate pantothenate standards of 5, 10, 20, 35, 60, 100, 200, 350,
600 and 1000 ng were added in 500 ul aliquots.

The effect of protein
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was checked by running triplicate assays of HSA at SO, 100, 500, 1000
and 5000 ug levels in 500 ul aliquots.

Blood extracts were prepared

(Pearson, 1980) using thimersol, azide, or toluene as antimicrobial
agents; five hundred ul aliquots of deproteinized blood extract were
analyzed by ELISA and by RIA for comparison.

Enzyme-antibody conjugate

was diluted 1:1750 in PBS-Tween, and 500 ul was added to each culture
tube (final dilution was 1:3500).
at room temperature.

The competiton was run for 1 ..75 hr

The standard curve was plotted and the

pantothenate content of the protein samples and of the blood extracts
was interpolated from the curve.

The pantothenate measured in the RIA

and the ELISA was compared directly; the original concentration of
pantothenate in the blood samples was not computed.
Optimum Conditions for ELISA
Standard Curve
The results from the preceeding experiments suggest that the
optimum conditions for the standard curve are to:
a)

use mono-PA HSA-PA at 5 ng/ml as the culture tube coating,

b)

use E-AB conjugate at a dilution of 1:3500, and

c)

run the competition of E-AB for free and immobilized pantothenate
at 4°C for 1.5 to 2 hours.

A standard curve was run to test these conditions.

Polystyrene culture

tubes were coated with 1 ml each of 5 mg/ml mono-PA HSA-PA diluted in
carbonate coating buffer for 10 hours at room temperature.

The tubes

were washed three times with ice-cold PBS-Tween and pantothenate
standards were added in quintuplicate.

Nine hundred ul of E-AB

conjugate diluted 1:3150 in PBS-Tween was added to each tube; final
dilution of the conjugate was 1:3500.

The competition step was

?Un
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for 1.5 hours at 4°C.

The culture tubes were washed 3 times with ice-

cold PBS-Tween and one m1 of PNPP was added to each tube for the colordeveloping reaction step.
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RESULTS
The purpose of this study was the development of an ELISA for
pantothenate and the determination of the optimum conditions for greatest sensitivity.

The ELISA and RIA were compared in sensitivity,

linear range, and coefficient of variation of individual points.
Linear Range of the Gilford STASAR
II Spectrophotometer at 405
Nanometers
The graph of absorbance (405 nm) vs p-nitrophenol dilution is
linear through an absorbance of 1.6 (Fig. 1).

Absorbances in the

range from 1.6 to 2.0 did not vary greatly from the extrapolated straight
line.

Neither variations from Beer's law, nor physical limitations

imposed by the spectrophotometer prevent the use of absorbance values
through 1.6.

Absorbance values above 1.6 were corrected for nonlinearity

by the method outlined in Appendix A.
Stability of Antibody in

HOAC-DIOXk~

The stability of the antibody in HOAC-DIOXANE was determined
because this solution was used to elute the antibody from the affinity
column during purification.

The pantothenate-binding capacity of the

antibody after exposure to HOAC-DIOXANE was monitored through 25 hours
(Fig. 2) by nitrocellulose RIA.

The pantothenate-binding ability of

the antibody decreased from 43% to 33% after 25 hours.

The antibody is

sufficiently stable in HOAC-DIOXANE that the hour required for elution
from the affinity column and forinitiationof dialysis does not result
in significant denaturation of the antibody.
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Elution of Antibody from the
Affinity Column
In initial elutions of antibody from the affinity column with
HOAC-DIOXANE, protein peaks (absorbance at 280 nm) were obtained upon
addition of warm HOAC-DIOXANE solution which peaked and declined in
magnitude as the eluant cooled.

Further addition of warm HOAC-DIOXANE

released additional protein and resulted in the appearance of a second
peak.

This suggested that warm HOAC-DIOXANE would be more effective

than cold solution in releasing the antibodies.

The possibility that

temperature alone was responsible for the successful elution of antibody
from the affinity column was tested by eluting the column with PBS at
room temperature.

When warm PBS was used to elute the column, a steady

decline in absorbance with fraction was observed (fractions 22 - 30,
Fig. 3) indicating that warm PBS is not effective in releasing specifically bound antibody.

Elution with warm HOAC-DIOXANE solution was effective

in releasing antibody (fractions 31- 45, Fig. 3); fraction number 33
had the greatest protein concentration.

The pantothenate-binding ability

of fractions 33, 38 and 45 was tested via nitrocellulose RIA (Table 1).
Table 1.

Pantothenate-Binding Capacity of Protein Fractions from the
Affinity Column.

Fraction Number

Absorbance (280 nm)

% Bindinga

33
38
45

0.856
0.188
0.186

50.0
44.7
17.0

aPercent of 3H-pantothenate bound by 40 ug of protein.
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The initial fractions had the greatest protein concentration and
the greatest affiriity for pantothenate.

Fraction 33 was the fraction

of choice for making the alkaline phosphatase-antibody conjugate for
the ELISA.
PAGE was used to monitor the purification process (Fig. 4).

Gel E

contains only antibody protein; no other protein is present in sufficient
quantity to produce a visible band.
Antibody Recovery in the Affinity
Purification Process
The recovery of protein added to the affinity column, and
the fraction of antibody that is anti-pantothenate was determined.
Three ml of rabbit antiserum yielded 48.4 mg of protein in the SO%
ammonium sulfate precipitation step.

Elution of the affinity column

with warm PBS yielded 36.1 mg (74.6%) of protein; elution with ·
HOAC-DIOXANE yielded 5.6 mg (11.6%) of specifically purified antibody.
Of the protein added to the column, 13.8% was unrecovered in the
elution of the column.

The specifically purified antibody represented

13.4% of the protein recovered.

Based on the amount of antibody

purified, the concentration of anti-pantothenate antibodies in this
rabbit serum was 1.87 mg/ml.
Synthesis of Multi-Pantothenate Human
Serum Albumin-Pantothenate Conjugate
Multi-pantothenate substituted human serum albumin-pantothenate
conjugate was synthesized, and the molar ratio of pantothenate to HSA
was determined to confirm the synthesis.

The

average of two determina-

tions was 17 pantothenate molecules per molecule of HSA (Table 2).
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Figure 4.

Polyacrylamide gel electrophoresis of protein fractions from
the antibody purification regimen: (A) whole antiserum;
(B) 50% saturated ammonium sulfate supernate; (C) 50% saturated ammonium sulfate precipitate; (D) PBS elution of the
affinity column; (E) purified antibody.
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Table 2.

Molar Ratio of Pantothenate to HSA in the Multi-Pantothenate
Human Serum Albumin Conjugate.

Sample

[pantothenate] uM

1
2

270
160

[HSA] uM

[pantothenate]/[HSA]

17.
8.5

15.9
18.8

Enzyme-Antibody Conjugate Characteristics
PAGE was used to monitor the protein bands to confirm the synthesis
of the conjugate.

During synthesis, the major antibody bands disappeared

(Fig. 5) and the conjugate band appeared at a position slightly higher
in the gel than the alkaline phosphatase band.

Both of the proteins

were modified by the synthesis, and a new compound with a different Rf
was formed.

The degree of conjugation, the purity of the conjugate,

and the extent of extraneous polymer formation were not assessed.
After conjugating specifically purified antibody with alkaline
phosphatase, it was necessary to ascertain whether the conjugate
had retained both catalytic and pantothenate-binding capacities.
The binding of pantothenate by the E-AB conjugate was measured via
nitrocellulose RIA.

An aliquot of E-AB containing 40 ug of specifically

purified antibody bound 40.7% of the labeled pantothenate added to the
assay.

This binding value is in the normal range of values obtained for

assays containing 40 ug of antibody and indicates that the gluteraldehyde
conjugation to alkaline phosphatase did not measurably reduce the
pantothenate-binding capacity of the antibody.

Enzymatic activity was test-

ed by adding an. aliquot of E-AB conjugate to ·1· m1 PNPP substrate solution
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Figure 5.

Polyacrylamide gel electrophoresis of (A) purified antipantothenate antibody, (B) alkaline phosphatase, and (C)
alkaline phosphatase-antibody conjugate.
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and by measuring the increase in absorbance at 405 nm as a function of
time.

The absorbance increased linearly over the time from 70 through

164 minutes, indicating that the enzymatic activty of the alkaline

phosphatase had been maintained (Fig. 6).

There is an increase in rate

of substrate hydrolysis at 70 minutes which would complicate the ELISA
for pantothenate if it occurred in the immobilized assay system as well.
Time Course of Color Development
Enzyme-Antibody Conjugate Immobilized on Polystyrene
The time course of color development by immobilized enzyme-antibody
conjugate was measured to see if an initial lag in alkaline phosphatase
activity could be observed as reported in the previous experiment using
enzyme-antibody conjugate in solution.

Both the mono-substituted and

the multi-substituted human serum albumin-pantothenate conjugates were
used to coat the polystyrene cuvettes.

The plots of absorbance vs time

(Figure 7) for both coatings were linear after a slight lag through 3
minutes.

This lag is insignificant.

of phosphate product inhibition.

There was no evidence

In order to produce an absorbance of

2.0 at 405 nm, only 2% of a 2.7 mM solution of p-nitrophenyl phosphate

would have to be hydrolyzed; reactant would be present in huge excess
over product and no product inhibition would occur.
Determination of the
timum Concentration o Human Serum 1 umin Pantothenate
ConJugate for Coating Polystyrene Culture
Tubes
It was noted in preliminary experiments that the time required to
develop the yellow color in the substrate reaetion step was directly
proportional to the concentration of human serum albumin-pantothenate
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conjugate originally absorbed to the culture tube surface.

Two

different experiments were run to determine the optimum concentration
for mono- and multi-substituted conjugate.
The optimum concentration of mono-substituted human serum albuminpantothenate conjugate was determined by running the reaction for all
tubes for the same period of time.

The plot of absorbance vs concentra-

tion (Figure 8) showed a linear increase in absorbance with concentration
from 0 to 2 ).lg/ml.

The absorbance peaked at 15 ).lg/ml.

The optimum

concentration first selected was 15 ).lg/ml; subsequent work showed that
5 ).lg/ml was adequate.
The optimum concentration of multi-substituted human serum albuminpantothenate conjugate was determined in a different manner.

A

convenient time period in the substrate reaction step was found to be
30 minutes.

The culture tubes were coated with different concentrations

of conjugate and processed through the various steps.

In the substrate

reaction step, the color was allowed to develop until the absorbance
was about 1.3, a value within the linear range of the spectrophotometer.
The time required was recorded along with the absorbance (Table 3).
A concentration of 0.5 ).lg/ml was selected as optimum.

This concentration

proved accurate, needing no subsequent modification, and suggested that
the second method is better for determining opttmum concentration of
human serum albumin-pantothenate conjugates.
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Table 3.

Optim1nn Concentration of Hulti-PA HSA:-PA for Coating
Culture Tubes.

Concentration
(ug/ml)
0.25
0.50
1.0
2.0

Absorbance
(405 nm)

Time
(minutes)

1. 23
1. 30
1. 36
1. 32

44.5
34.5
24.5
18.0

Time Course of E-AB cz:aetition
for Free and Immobilize
Pantothenate
A series of four experiments was run to check the effect of time on
the competition of the enzyme antibody complex for free and immobilized
pantothenate.

Two experiments were run at 4°C, one using monosubstitut -

ed human serum albumin-pantothenate conjugate as the tube coating and
the other using multi-substituted human serum albumin-pantothenate
conjugate.
same scheme.

Two more experiments were run at room temperature using the
Each experiment involved running six four-point standard

curves (0, 15, 100 and 600 ng pantothenate) with competition times for
free and immobilized pantothenate ranging from 15 minutes to 8 hours.
The effect of time on standard curve position and the conditions for
equilibrium were the focus of this study.
All four of the experiments yielded similar results.
plots of absorbance

~OS

None of the

nm) vs time (Figs. 9-12) reached a plateau,

indicating that the assay had not reached equilibrium at 8 hours under
these conditions. A certain period of time was required to establish
stable systems, as shown in the graphs of A/Ao vs time (Figs. 13-16).
This time period was longer (2 hours) for the multi-PA HSA-PA standard
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curve incubated at 4°C (Fig. 15) than the time period (1 hour) required
for the corresponding curves run at room temperature (Fig. 13).

The

opposite occurred for the two mono-PA HSA-PA experiments; the curves
incubated at 4°C (Fig. 15) required 4 hours to stabilize, while the
curves incubated at room temperature required 1 hour.
The second set of curve plots, ·1ogit (A/Ao) vs log

ng~antot~enate),

show a general stability in curve position with time (Figs. 17, 18,
19, 20).

There are two cases where the curves move upward with

competition time:

the multi-PA HSA-PA standard curves incubated at

room temperature (Fig. 17), and the mono-PA HSA-PA standard curves
incubated at 4°C (Fig. 20).

In both cases, the first four curves

(0.25, 0.5, 1.0 and 2.0 hour

competitio~

overlie each other while

the last two curves (4.0 and 8.0 hour competition) show a strong upward
trend.

The curves in Figure 17 are the best example; the six curves

graph in upward order with time.

This results in a loss of sensitivity

in the low (5 - 25 ng) pantothenate standard regions as the lower end of
the standard curve moves off the paper with increasing competition time.
One explanation for this trend is that free pantothenate comes into rapid
equilibrium with the antibody but is gradually displaced by the
immobilized pantothenate which appears to have a higher affinity
constant and slower equilibrium.

Thus, low concentrations of pantothenate

lose the ability to produce a measurable response (i.e., inhibit binding
of enzyme-antibody conjugate) with time.
21'fuen these data are plotted on Probability X 3 log cycle paper (Keuffel
&Esser Co. #46 8082), as is generally done in this laboratory, the
standard curves move to the right rather than upward. (The axes are
exchanged relative to the axes in these standard curves.)

',I
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Comparison of ELISA and RIA
Standard Curves
ELISA and RIA standard curves were run using the same pantothenate
standards.

Comparison of the coefficient of variation for the data

shows that the ELISA (Table 4) had a smaller range (1.57- 6.38%) and
average (3.60%) than did the RIA (Table 5, range:
6.70%).

3.25-12.01%, average:

The data from the ELISA were more precise than the data from

the RIA in these two experiments.
The data were plotted three ways for comparison.

A plot of percent

of pantothenate blank vs ng pantothenate (Fig. 21) contains both the
RIA and the ELISA curves.

Both curves are steep in the 0 - 100 ng

range and would be equally useful for analyzing pantothenate in this
region.

Relatively large variation in percent binding would give

slight variation in the pantothenate value determined.

A plot of

percent of pantothenate blank vs the log of ng pantothenate for both
ELISA and RIA (Fig. 22) produces sigmoid curves.

The RIA curve has a

linear region extending from 10 through 100 ng, while the ELISA curve
has a longer linear range extending from 5 through 1000 ng pantothenate.
The "linear" central portion of sigmoidal curves (Fig. 22) is
further straightened by the log-logit transformation (Parker, 1976a).
The RIA curve (Fig. 2 3) was not as effectively lineaized
formation as the ELISA standard curve (Fig. 24).

by this trans-

This results in the

sigmoidal deviation about the best fit straight line (Fig. 23).
RIA standard curve is not as linear because the data linearized
(Fig. 22) are more strongly sigmoidal.

The
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Table 4.

ELISA Data for Comparison with RIA.

Pantothenate
(ng)

_a
b
A
- 0.118
405

s

C.V. c(%)

d
NAo (%)

2.04le

0.096
0.070
0.112
0.045
0.041
0.021
0.047
0.021
0.016
0.030
0.032
0.024
0.014

4.70
3.88
6.38
2.87
2.69
1.59
3.63
1. 93
1.57
4.79
5.63
5.35
8.43

100.0
88.8
86.0
76.5
74.5
64.5
62.8
53.0
49.1
30.5
28.2
22.3
8.17

0
2
5
10
15
25
35
60
100
350
600
1000
5000

1.813
1. 756
1. 561
1. 521
1. 317
1. 283
1.081
1.003
0.622
0.576
0.454
0.167

aAverage of 6 determinations.
bSubstrate blank.
~ean

C. V. (2 - 600 ng) is 3.60; mean C. V. (all data) is 4.11.

dAo is A
- 0.118 for the 0 ng pantothenate standard.
405
eAbsorbance values were corrected for nonlinearity for absorbances
above 1.6.
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Table 5.

RIA Data for Comparison with ELISA.

Pantothenate

c.v.c

B/Ta (%)

(%)

(ng)
0

2
5

10
15
25
35
60
100
350
600

31.91
29.32
29.36
26.75
23.14
21.72
18.53
14.62
11.8
6.80
5.73

3.49
9.34
3.25
6. 71
12.01
3.81
5.98
8.69
4.74
6.08
9.60

1.11
2.74
0.96
1. 79
2.78
0.83
1.11
1.27
0.56
0.41
0.55

~ is DPM bound by the nitrocellulose filter.

T is the total DPM for

the sample.
bStandard error of the mean of 6 determinations.
~e mean C. V. is 6.70.

~x is B/T for the particular standard.
pantothenate blank.

100.0
91.9
92.0
83.8
72.5
68.1
58.1
45.8
37.0
21.3
18.0

Bo is B/T for the 0 ng
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Measure of Food Extracts for
Pantothenate via ELISA
Sample extracts of Hershey almond bar and of zucchini squash were
prepared for analysis of pantothenate by ELISA.

The effect of tempera-

ture on the food analysis during the E-AB competition for free and
immobilized pantothenate was determined.

Mono-PA HSA-PA was used as

the substrate in two standard curves, one run at 4°C and one run at
room temperature.

The substrate reaction was run for 11.5 minutes for

the warm competition curve; the reaction time for the cold competition
curve was 21 minutes.

The standard curve obtained at room temperature

lies above the curve obtained at 4°C (Fig. 25).

Warm temperature is as

effective as increased time in shifting the standard curve upward.

The

food extract samples analyzed in the ELISA using warm competition had
A/Ao values greater than 1.
data (Table 6).

The extracts analyzed at 4°C gave useful

The same extracts were assayed in the laboratory with

the microbiological

assay and with the RIA.

The zucchini squash

extract gave similar pantothenate values in all three assay systems
while the almond bar extract produced the most divergent results.
Table 6.

Assay of Food Extracts for Pantothenate via ELISA.

Food

ELISA
Wal'I!b
(ng)

Zucchini Squash
Hershey Almond Bar

ELISAa
Col9b
(ng) .
24

180

aAverage of three determinations.
bin 500 ul of food extract.

RIAa
b
(ng)
40
54

a

Mi crab

(ng)
46
82

The
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short substrate reaction times (11.5 and 21 minutes) were lengthened to
30 minutes in subsequent experiments by using

5 ~~ml

mono-PA HSA-PA

/(

instead of

154m~/ml

to coat the culture tubes.

Measurement of Whole Blood
Extracts for Pantothenate via
ELISA
The effect of protein on the ELISA was checked by measuring HSA
in different amounts.

Increased amounts of HSA interfere with the

assay (Table 7), possibly by blocking the interaction of E-AB with
immobilized pantothenate.

High levels of HSA decrease the color

development and give a positive pantothenate assay.

The nonlinear

increase in pantothenate with increase in HSA amount implies that
pantothenate is not measured; the apparent positive response is a
function of the amount of protein added.
Table 7.

The Effect of Protein on ELISA.

A/Ao

HSA
(ug)

(%)
0

50
100
500

1000
5000
~tative.

Pantothenate a
(ng)

100
89.6
87.7
84.0
82.7
57.7

0

9.5
12
19 "

22
160

No pantothenate was present in the sample.

The assay of blood extracts by ELISA did not correlate with the
two RIA determinations, but is encouraging because none of the sample
absorbances exceeded the zero pantothenate blank absorbances (A/Ao was
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less than 1 in all samples).
exceeded those derived by RIA.

The values from ELISA (Table 8) generally
The two RIA determinations were of the

same order of magnitude except for samples 7 and 8.
Optimum ELISA Standard Curve
The graph of logit (A/Ao) vs the log of ng pantothenate produced
a linear standard curve (Fig. 26) over the range of 5 to 600 ng pantothenate.

There was less scatter in the data points about the best fit

straight line than for the other standard curves (Fig. 24).
produced the best standard curve.

This scheme
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Table 8.

Assay of Whole Blood Extracts for Pantothenate via ELISA.

RIA
Sample
1
2
3
4
5
6
7
8
9
10
11

12
13
14
a

.

(ng)
I
28
12
18
14
19
18
9.3
7.4
27
22
14
22
9.0
30

Of pantothenate measured

RIA
(ng)
II

40
23
18
22
14
17
1000
70
5.6
21
10
7.6

ELISA
(ng)a
>1000
>1000
820
>1000
>1000
>1000
»1000
»1000
290
900
360
450
700
>1000

Anti-Microbial
Agent
azide
azide
thimersol
thimersol
toluene
toluene
none
none
azide
azide
thimersol
thimersol
thimersol
thimersol
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DISCUSSION
The purpose of this study was the development of an ELISA for
pantothenate and the determination of the optimum conditions for
greatest sensitivity.

The RIA and ELISA standard curves were compared

for sensitivity, linear range, and coefficient of variation.
Methods and Procedures
Rabbit anti-pantothenate antibodies were specifically purified
by affinity chromatography.

The antibodies were linked to calf

intestinal alkaline phosphatase, (Sigma, type VII) with glutaraldehyde
to form the enzyme-antibody conjugate.

The enzymatic and immunologic

activity of this conjugate were retained.

Multi-PA and mono-PA HSA-PA

were synthesized and the optimum concentrations for coating polystyrene
culture tubes were determined.
Both substrates were tested for usefulness in generating standard
curves.

The effect on the standard curve of temperature and competition

time was studied to determine the optimum reaction conditions.

The

difference in standard curve slope with culture tube coating (mono-PA
vs rnulti-PA HSA-PA) was also observed and found to be slight (Figs
18, 20).

The RIA and ELISA standard curves were run using the same

pantothenate standards, and the linear range, sensitivity, and
coefficient of variation were compared.

Initial studies of the useful-

ness of the ELISA for measuring pantothenate in food extracts and in
deproteinized blood samples were performed.
The results of the blood assays were compared with the RIA and
the food assay results were compared with both RIA and microbiological
assay results.
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Major Findings
Good dose-response curves were obtained with both mono-PA and multiPA HSA-PA.

The lower detection limit varied from 2 to 10 ng, depending

on the specific conditions.

Greatest sensitivity was obtained when

the competition step was run for 1 to 2 hours at 4°C.

This sensitivity

compares well with the lower sensitivity limit of the RIA of 5 ng of
pantothenate.

The ELISA was more precise than the RIA in determining

replicate pantothenate standards; the mean C. V.s were 3.6% and 6.70%,
respectively.

The plot of A/Ao vs the log of ng pantothenate of ELISA

data had a longer linear range (5 - 1000 ng) than the corresponding plot
of RIA data (10 - 100 ng) (Fig. 22) and was better linearized by the
log-logit transformation as a result (Figs. 23 and 24).

The ELISA

standard curve has a longer working range than the RIA when using these
two data plotting techniques.
The ELISA is a non-equilibrium assay; increased amounts of E-AB
conjugate were immobilized with increased time in the competition step
at every pantothenate standard level tested.

The most sensitive

standard curve was obtained with culture tubes coated with 5 ug/ml
mono-fA HSA-PA and with a competition time period of 1.5 hours at 4 C

(Fig. 26).

This time period was long enough for the reaction to come to

a meta-stable equilibrium, but short enough that sensitivity in the
lower range was not lost as A/Ao ratios increased.
Initial attempts at assaying food extracts with ELISA showed that
the competition step should be carried out at 4°C to produce usable
data (Table 6).

The ELISA produced results that had fair correlation

with RIA and microbiological assay-derived data; statistical correlation
could not be done with only two food analyses.
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ELISA determinations of pantothenate in deproteinized whole blood
extracts were consistently higher than results obtained by RIA
(Table 8).

The ELISA showed false response to HSA added to pantothenate

blanks showing that protein concentration in the samples can cause
variation in pantothenate amounts measured (Table 7).
Discussion
The main objective of this study was achieved; good dose-response
curves for pantothenate were produced using the ELISA system.

The

mean coefficients of variation ranged between 3.6% and 7.0%, indicating
good precision in measuring pantothenate standards.
A slightly steeper dose-response curve was obtained when mono-PA
HSA-PA was used as the culture tube coating.

This may be explained on

the basis of pantothenate ligand density on the HSA-PA.

The multi-PA

HSA-PA had an estimated 17 molecules of pantothenate attached to each
HSA molecule.

E-AB complex immobilized by a bidentate attachment to

multi-PA HSA-PA would less easily be dislodged by free pantothenate in
standards than would E-AB conjugate attached to a single pantothenate
ligand, as in mono-PA HSA-PA.

With multi-PA HSA-PA substrate, a greater

concentration of free pantothenate would be required to either inhibit
the attachment of E-AB conjugate or to dislodge attached E-AB.

The

result is less inhibition of binding of E-AB conjugate which produces a
greater A/Ao ratio for any given pantothenate concentration.

Multi-PA

HSA-PA would bind the E-B complex more tightly, and would less easily
lose.the AB complex to the free pantothenate in solution than would the
mono-PA HSA-PA.

The mono-PA HSA-PA would have greater response to the

pantothenate in solution and would produce standard curve with a
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steeper slope as observed (compare Fig. 18 and 20).
The study of color development as a· function of competition time
for free and immobilized pantothenate showed that the ELISA was a nonequilibrium assay.

All of the graphs of absorbance (Figs. 7-12) vs

competition time increased monotonically over the test period of 8 hours.
This was observed at all four pantothenate levels tested; 0, 15, 100 and
600 ng.

Additionally, it was observed that A/Ao values increased with

time after the assays reached a meta-stable equilibrium (Figs. 13-16).
The free pantothenate showed decreased ability to inhibit E-AB binding to
the immobilized pantothenate with time so that the A/Ao values were not
constant, but increased.

This appears to be the result of a trade-off

between kinetics and equilibrium.

The free solution pantothenate is

able to immediately attach to the antibody binding site upon addition of
the E-AB conjugate; the equilibrium for this reaction occurs within 2 to
3 minutes, as shown by studies in this laboratory.

The solution panto-

thenate then is slowly displaced by the immobilized pantothenate because
. of its apparent higher affinity.
The immobilized pantothenate binds the E-AB conjugate in a
reaction that reaches equilibrium much more slowly than the reaction
that binds the solution pantothenate.

There are two explanations for

the greater affinity of immobilized pantothenate for E-AB conjugate.
The immobilized pantothenate is attached to HSA in precisely the same
way as the pantothenate hapten was attached to bovine serum albumin
(BSA) in the BSA-PA conjugate used to initially induce the antibody.
The immobilized pantothenate is structurally identical to the antigenic
hapten and should be better "recognized" by the antibody binding site.
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This would result in greater affinity.

The second explanation, reported

by Parikh and Cuatrecasas (1977), is that immobilized antigens occasionally have greater affinity for the antibody simply because of the
immobilization; the antigen presents an optimum binding orientation and
is more readily bound as a result.

The greater affinity of the immobil-

ized pantothenate for the E-AB conjugate makes it necessary to run the
competition long enough (1 - 2 hours) to establish a stable system, but
not so long that the solution pantothenate is displaced to the point that
sensitivity is lost in the 5 - 25 ng pantothenate range.
When RIA (Fig. 24) and ELISA (Fig. 25) standard curv·e s were compared, the ELISA had greater sensitivity (2 ng vs 5 ng) and greater
precision (mean C. V. of 3.6% vs 6.7%).

The greater precision of the

ELISA is likely a function of the simpler separation step afforded by
washing of the immobilized materials in a polystyrene culture tube.
Considerable effort is necessary to get complete, reproducible separation
of bound and free pantothenate in the nitrocellulose RIA at the filtration
step.

The ELISA had a longer linear range (5 - 1000 ng) on plots of

A/Ao vs the log of ng pantothenate (Fig. 22), but there was more scatter
about the least squares fit straight line in the log-logit transformation than with the RIA (Figs. 23 and 24).
The greatest advantage of the ELISA over the RIA is its economy
in use of antibody.

In the antibody recovery study, the concentration of

anti-pantothenate antibodies in one particular antiserum was found to be
1.9 mg/ml of antiserum.
a

l·lOO-dii~~·en

The RIA uses 0.5 ml of a 1:100

dilution~

of antiserum for each assay; 200 samples may be

assayed with 1 ml of antiserum.

If the antibody were specifically

purified by affinity chromatography and then linked to alkaline

73

phosphatase for use in the ELISA, considerably more samples could be
assayed.

The 1.9 mg of antibody will yield 3.8 mg of E-AB conjugate

that is used at a dilution of 1:3500.

One ml of diluted conjugate

solution is used for each assay; a total of 13,300 determinations
could be made, a 65-fold increase.

Additional increase may be obtained

by using smaller volumes (0.5 ml) in the Gilford polystyrene cuvettes
used in the automated system.

Another advantage of the ELISA is that it

generates no low level radioactive wastes to handle and dispose.
Finally, the ELISA is considerably easier and quicker to run than the
nitrocellulose RIA.
An initial attempt was made to measure pantothenate in food

extracts by using the ELISA.

Two ELIS.M> were nm, one at room

temperature, and one at 4°C to examine the effect of temperature on
the competition step.

The two standard curves correlated with the

results of the competition time course studies; increased temperature
shifts the standard curve upward in the same way as increased time
(Fig. 25).

The rate of the displacement of free pantothenate by

immobilize pantothenate was increased with temperature.

The food

extracts analyzed at room temperature yielded A/Ao ratios greater than
1.0.

There was a promotion of the rate of E-AB immobilization in the

food samples that allowed the color development in the reaction step
for the sample to exceed that in the 0 ng pantothenate blank.
food extracts analyzed at 4°C did not have this problem.

The

The almond

bar extract yielded a pantothenate value 2- to 3- fold greater than
the values determined via RIA or microbiological assay (Table 6).
The zucchini extract gave a smaller value in the ELISA than in the RIA,
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but the difference was not great.

In general, anything in the sample

extract that interferes with the binding of E-AB to the immobilized
pantothenate translates on the standard curve as a higher pantothenate
amount than is actually present.

In affinity chromatography, high

concentrations of salt are used in some cases to displace antibody
attached to the solid support.

In the ELISA, salt concentrations that

are higher in the samples than in the standards could disproportionately
displace or inhibit the E-AB conjugate, and produce the observed
higher pantothenate values.

The food extracts were made by dializing

an enzyme-digested food sample against deionized water
1980).

present.

0~alsh,

et. al.

The external solution was used in the assay; no protein should be
The variation (zucchini lower, almond bar higher than

both RIA and microbiological assay) could be a result of the differeRce
in composition and concentration of salt dialyzed from the food samples.

Dialysis against a buffer, Tris, 0.05 M, for example, would give
better pH control and would serve to level out the effects due to
salt differences.

Phosphate buffer catalyzes the breakdown of

pantothenate (Frost,

194~

and should be avoided.

Deproteinized whole blood extracts were made (Pearson, 1980)
using azide, thimersol, and toluene as antimicrobial agents during
the enzyme digestion step.
RIA (2 runs) for comparison.

The same extracts were measured via
The ELISA results were orders of

magnitude higher than the results returned by RIA (Table 8). The
variations did not correlate with the antimicrobial agent used.

Some

response to HSA added to pantothenate blanks was observed in the ELISA
(Table 7), but the residual protein concentration in the blood
extracts (ca SO ug/sample) was not great enough to be responsible for
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the entire variation.

The residual protein could inhibit the E-AB

immobilization by adsorbing to the HSA-PA, masking the pantothenate
binding site (Cantarero, et. al. 1980).

The presence of excess Znso4 or

Ba(OH)

(used to precipitate the blood proteins) could also inhibit
2
the binding of the E-AB conjugate in the same way as postulated in
the food analysis discussion.

The residual salt can be minimized by

using equimolar amounts of ZnS04 and Ba(OH) 2 in the precipitation of
blood proteins. Other methods of precipitating the protein should
be investigated, including heat treatment, trichloroacetic acid
treatment, and the use of various organic solvents.

The effect of

residual protein may be leveled out by adding ca 100 ug of HSA with
the E-AB conjugate solution.

Considerable work needs to be done to

optimize the conditions for ELISA measurement of pantothenate in blood.
Initial results are encouraging because none of the A/Ao values
exceeded 1.0 (there was no promotion of the rate of E-AB immobilization);
inhibition of E-AB binding appears to be the major concern.
Conclusions

An ELISA for measurement of pantothenate was established.

The

ELISA standard curve is as sensitive as the standard curve obtained
via RIA and has a longer linear range.

The ELISA has better precision

than the RIA, is easier to run, and does not generate low-level
radioactive waste.
Recommendations
Much work needs to be done on sample preparation and on assay
conditions for analysis of blood extracts and food samples before the
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ELISA can be used as an analytic tool.

The specific suggestions are

covered in the discussions of the respective experiments.
The ELISA for pantothenate may be modified in several ways in
further studies aimed at simplifying the method or at improving the
sensitivity.

The purification of the anti-pantothenate antibody and

the synthesis of the E-AB conjugate may be circumvented by purchasing
an alkaline-phosphatase-labeled anti-rabbit IGG conjugate (Sigma).
Diluted anti-pantothenate antiserum would be used in place of the E-AB
conjugate in the competition step for free and immobilized pantothenate.
The tubes would be washed and the amount of antibody immobilized
determined by adding the above-mentioned anti-rabbit IGG conjugate.
This enzyme-antiglobulin conjugate attaches to the immobilized
antibody and quantitation is done by reaction with PNPP.
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Appendix A
Correction of Absorbance Data From the
Non-linear Range of theSTASARII Spectrophotometer
Deviations from nonlinearity were corrected mathematically in
two steps.

First, the dilution value (DIL) was determined for an

absorbance (ABS) above 1.6 from equation 1.
1. DIL = 0.86711 XABS 2 + 0.36419 XBS + 2.005.

Equation 1

was obtained from a least squares fit to a second order polynomial
of the dilution values between 0.04 and 0.10 of a dilution vs
absorbance plot.

The projected linear absorbance (LINABS) associated

with the dilution factor was computed from equation 2.
2.

LINABS = 0.33366 X DIL

+

0.001

Equation 2 was obtained from a linear least squares fit of the absorbance
vs dilution data between 0.0 and 0.04 dilution.

Substrate blanks

were added before computing DIL and were subtracted after computing
LINABS.
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Appendix B
Multi-PA HSA-PA Standard Curve Data

Pantothenate
(ng)
0
1

2
5

10
15
25
35
60
100
150
250
350
600

1.005
1.025
0.959
0.937
0.960
0.875
0.856
0.808
0.757
0. 710
0.653
0.662
0.579
0.514

s

c.v. c

0.058
0.023
0.026
0.013
0.066
0.025
0.031
0.029
0.032
0.054
0.016
0.114
0.023
0.015

5. 77
2.24
2. 71
1.33
6.88
2.85
3.62
3.59
4.23
7.61
2.45
17.22e
3.97
2.92

100.0
(102.0)e
94.9
93.2
95.5
87.0
85.2
80.4
75.3
70.7
64.9
65.8e

~ean absorbance (405 nm) for 5 determinations.

bSubstrate blank was subtracted form the mean.
Cyhe mean C. V. is 3.86%.
dAo if A40 ~ - 0.110 for the 0 ng pantothenate blank.
corresponaing value for a given standard.
eRejected as unreliable.

A is the

57.6
51.1
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Appendix C
Mono-PA HSA-PA Standard Curve Data

Pantothenate
(ng)
0.988
0.951
1.022
0.851
0.734
o. 714
0.641
0.595
0.52
0.438
0.361
0.285

0

2
5

15
25
35
60
100
150
250
350
600

s

c.v. c

0.079
0.047
0.081
0.039
0.054
0.065
0.028
0.030
0.038
0.027
0.036
0.025

8.00
4.94
7.93
4.58
7.36
9.10
4.37
5.04
7.31
6.16
9.97
8. 77

100.0
96.3
104.0e

~an absorbance for 5 determinations.

bSubstrate blank was subtracted from the mean.
~an C. V. is 6.96%.

dAo is A
- 0.116 for the 0 ng pantothenate blank.
0 for the particular standard.
smae vaiu~
eOmit as unreliable.

' •'

A is the

86.2
74.4
72.2
64.9
60.2
52.6
44.3
36.6
28.9

